Single-cell screening is used to sort a stream of cells into clusters (or types) based on prespecified biomarkers, thus supporting type-driven biochemical analysis. Reconfigurable flow-based microfluidic biochips (RFBs) can be utilized to screen hundreds of heterogeneous cells within a few minutes, but they are overburdened with the control of a large number of valves. To address this problem, we present a pin-constrained RFB design methodology for single-cell screening. The proposed design is analyzed using computational fluid dynamics simulations, mapped to an RC-lumped model, and combined with intervalve connectivity information to construct a high-level synthesis framework, referred to as cell sorter using multiplexed control (Sortex). Simulation results show that Sortex significantly reduces the number of control pins and fulfills the timing requirements of single-cell screening.
incubated with a secreted enzyme-reporter molecule, sorted using a fluorescence sensing [3] , and barcoded for single-cell analysis [4] .
Flow-based microfluidics is today a commonly used technology for microbiology-on-chip; thousands of integrated valves can be used to manipulate droplets in a complex network of channels [5] . Advances in fabrication techniques have motivated design automation ("synthesis") research [6] . Objectives of synthesis methods thus far have included: physical design of biochips [7] [8] [9] [10] , bioassay mapping and scheduling [11] , efficient control mechanisms for on-chip valves [12] [13] [14] [15] , and reduction of the number of interfacing pins [16] , [17] . However, these methods cannot tackle the complexities of RFBs designed for high-throughput single-cell screening because of the following challenges.
1) Scalable Valve Control: A large number of valves are needed to sort and barcode several cell types. These valves also need to be controlled in real-time in response to identified cell types; the control actions for these valves are not known a priori. In [18] and [19] , an RFB solution was introduced for scalable barcoding using a fully reconfigurable valve-based crossbar, where an nto-m crossbar can route a barcoding droplet from any of the n inputs to any of the limited m outputs. However, it can be shown that a simple 40-to-4 crossbar requires at least 1344 valves, thus direct-addressing (DA) of valves using pressure ports is prohibitively expensive. 2) Impact of Chip Parameters on Performance: Parameters such as channel diameter and elasticity of the deformable membranes significantly influence the performance of the microfluidic application [20] [21] [22] . For example, consider a microfluidic channel as depicted in Fig. 1(a) . We carried out computational fluid dynamics (CFD) simulations using COMSOL [23] to characterize laminar flow at the channel output when a pressure step function is applied to the input. As shown in Fig. 1(b) , the steady-state pressure at the output decreases as the input pressure and the channel diameter D decrease. Next, we assume that this channel is connected to a 90-kPa pressure source and it is used to actuate a valve that requires at least a 2-kPa pulse to deform the membrane [highlighted using a red line in Fig. 1(b) ]. We find that reliable valve actuation can be achieved only if D is larger than 2 mm; see Fig. 1(b) . Similarly, by analyzing the flow rate of this pressuredriven mechanism [ Fig. 1(c) ], we find that the flow rate decreases as D decreases [ Fig. 1(d) ]. Therefore, neglecting the correlation between chip parameters and single-cell screening efficiency will invariably lead to unacceptable screening rates or even unexpected behavior. It is important to investigate the delay associated with pressuredriven fluid transport to precisely predict the timing characteristics of a screening biochip. The result of this analysis can be utilized as a latency constraint to synthesize a biochip that is free of timing violations.
In this paper, we address the above challenges by investigating the design of a pin-constrained RFB for scalable single-cell screening. We utilize the delay model of pressure-driven transport to design a cost-effective RFB with high throughput. The contributions of this paper are as follows.
1) We present a formal definition for the architecture of an RFB that is used for high-throughput single-cell screening. 2) We describe a graph-theoretic algorithm that generates all possible screening paths within an RFB. This algorithm is used as a preprocessing step, and it is a key component in streamlining the use of our synthesis methodology. 3) We describe a pin-sharing scheme that offers real-time multiplexed control of valves. An RC model is derived to describe the delay of the multiplexed control path and used to characterize chip performance. This model is validated using CFD simulations. 4) We describe and evaluate a timing-driven synthesis solution for the control of RFBs. The solution [cell sorter using multiplexed control (Sortex)] reduces the number of pins subject to performance constraints associated with single-cell screening. The rest of this paper is organized as follows. Section II describes prior work and an RFB architecture for single-cell screening. In Section III, we introduce multiplexed control and the RC model. Next, Section IV presents the timing-driven synthesis technique. Experimental evaluation is presented in Section V and the conclusions are drawn in Section VI.
II. PRELIMINARIES
In this section, we review synthesis techniques for flowbased biochips and describe an RFB for single-cell screening.
A. Synthesis of Flow-Based Biochips
A typical flow-based microfluidic biochip consists of channels and valves, which can control fluid flow using deformable polydimethylsiloxane (PDMS) membranes. Biochip components can be constructed and assembled using one of two microfabrication technologies: 1) monolithic membrane valves [24] and 2) multilayer soft lithography [25] . Using monolithic membrane valves, a microfluidic device can be produced by assembling two rigid glass wafers and bonding them using a sandwiched PDMS membrane, as shown in Fig. 2(a) . Note that fluid channels are etched in the glass wafers. When the chip is assembled and bonded, the PDMS membrane remains rigid, except at the valves that control the fluid flow [1] .
On the other hand, to use multilayer soft lithography to fabricate flow-based devices, a soft polymer such as PDMS is cast onto a multilayer mold, which in turn contains engraved patterns. Fig. 2(b) shows an example of a flow-based biochip that is fabricated using the soft lithography technology. Nowadays, the vast majority of flow-based systems are produced using multilayer soft lithography and PDMS substrate, as opposed to monolithic membrane valves and glass wafers. The reason for such a preference is that PDMS is biocompatible, transparent, gas-permeable, water-impermeable, fairly inexpensive, and rapidly prototyped with high precision using simple procedures, e.g., 3-D printing [26] .
Typically, flow-based systems are fabricated considering that biochemical fluids are carried at the top layer (flow layer) and the other layer (control layer) provides the vacuum to deflect the PDMS membrane. Considering a normally closed valve [ Fig. 2 (c)], fluid flow can be permitted once the membrane is deflected "outside" the flow channel.
Synthesis techniques have been developed for channel placement and routing in each layer separately [9] , [10] , [16] , [27] , [28] . These methods, however, overlooked the interaction between the control and flow layers, thus they may lead to infeasible solutions. The interaction between the control and flow layers was highlighted in [7] , [8] , and [29] , and solutions for pin-count reduction were presented in [13] , [16] , and [17] . These methods, however, are inadequate for high-throughput screening due to the following reasons.
1) For control-pin minimization, [16] relies on activationbased compatibility; valve-actuation patterns of a protocol are mapped to a pin-count minimization strategy. A more flexible approach in [13] explores compatibility among basic control actions of individual fluidic operations. However, both techniques assume that "compatible" valves can be simultaneously addressed using the same pressure source-this assumption is valid only with a small number of compatible valves due to fan-out limits. Moreover, these approaches do not enable independent actuation of valves, thereby preventing the reconfigurability that is necessary for single-cell screening.
2) The work in [13] considered pressure-propagation delay within fluidic-channel routing using a path-length model. However, this model does not capture the correlation between fluid dynamics and biochip parameters (e.g., channel width and elasticity). Furthermore, Hu et al. [13] used only the longest pressurepropagation delay of a pin-sharing valve group to assess performance. This approach cannot be used with multiplexed control of independently addressable valves. 3) A control-layer multiplexer structure was adopted in [17] to minimize the number of control pins. Unlike the above-mentioned methods, this mechanism allows biochip valves to be flexibly addressed, and it is similar to our proposed pin-constrained method. However, Wang et al. [17] considered only reliability issues, e.g., pressure degradation, associated with pin-switching activities, and it does not take into consideration fluid dynamics and its impact on the application throughput.
B. RFB for Single-Cell Screening
Single-cell screening is a biochemical process that aims to classify a stream of droplet-encapsulated cells based on their biological behavior and label them for down-stream analysis [2] , [30] . Hence, this biochemical process consists of three main steps, as shown in Fig. 3 : 1) step 1: identification of cell types by observing certain fluorescence biomarkers; 2) step 2: suspension of suitable molecular labels (barcodes); and 3) step 3: mixing each cell with a suitable barcode depending on the cell's type. These steps need to be applied in a high-throughput manner to allow the processing of any number of cells. The outcome of this process is a collection of labeled cells that can be steadily transferred to other modules RFB for single-cell screening. (a) Platform modules. (b) 4-to-2 barcoding module [18] , [32] . (c) 2-by-2 sorting network [1] .
where further down-stream analysis, e.g., based on polymerase chain reaction, can be performed [18] , [31] .
The above specifications can be realized using flow-based biochips, which can be configured to perform high-throughput operations. More specifically, RFBs can be used to systematically process any number of cells in real time while allowing biochip resources to be shared among different cells at different times. Fig. 4(a) shows an RFB architecture that screens N streams of cells, classifies cells into K types, and barcodes the cells via W ports (W<<K). To execute the steps of single-cell screening ( Fig. 3 ), this platform consists of three modules: 1) valve-less fluorescence detection [3] ; 2) barcoding crossbar [32] ; and 3) sorting network [1] . Adaptation is achieved via the detection of samples in the fluorescence-detection module, whereas reconfiguration is carried out in response at both the barcoding crossbar and the sorting network.
A valve-based crossbar is employed to barcode droplets and route them toward the sorting network. A barcoding droplet is routed from an input port I k ∈ {I 1 , I 2 , . . . , I K } to an output port B w ∈ {B 1 , B 2 , . . . , B W } through channels, and the routing path is configured online using a set of valves V p = {V 1 , V 2 , . . . , V P }; P is the number of crossbar valves. Fig. 4(b) shows a 4-to-2 crossbar that routes two different barcoding droplets concurrently.
Connected to the crossbar is a sorting module that mixes a sample droplet from a stream S n ∈ {S 1 , S 2 , . . . , S N } with a barcoding droplet generated from B w . This function needs to be implemented by a programmable microfluidic platform that performs biochemical operations on-the-fly. For this purpose, we exploit the programmable microfluidic network proposed in [1] , where an N-by-W network can dynamically process any pair of N × W input droplets. A set of valves V q = {V 1 , V 2 , . . . , V Q }, where Q is the number of sorting-network flow valves, are used to mix barcodes with cells and route mixed droplets to output ports in the set {O 1 , O 2 , . . . , O W }. Fig. 4 (c) illustrates a 2-by-2 network.
While this RFB design offers reconfigurability, the efficiency of single-cell screening depends on the topology of the flow channels and how fast the flow valves in the set V = V p ∪ V q can be actuated. Since we consider a fixed topology for the flow channels, we focus on delays associated with valve actuation (pressurization or de-pressurization). We demonstrate in the next section that an effective pinconstrained control methodology for an RFB must consider the timing overhead of valve actuation. Therefore, we consider valve-based modules (the barcoding crossbar and the sorting network) to investigate the action and delay of valve controls required to route a barcode from I k : {k ∈ N, k ≤ K} to O w : {w ∈ N, w ≤ W} and to route the barcoded cell from S n : {n ∈ N, n ≤ N} to O w : {w ∈ N, w ≤ W}. This action is referred to as a control vector and is denoted by
where X is the number of chip valves (X = P + Q) and T is the total number of possible control vectors. The parameter T can also be interpreted as the number of possible flow paths that can be utilized by a single-cell sample of any type. In addition, we use θ(X, Y) to denote a screening biochip that contains X valves and is actuated using Y control pins.
Our goal in this paper is to provide an architectural-level synthesis scheme that allows the control of X valves using Y pins (Y << X), while the latency of every control vector H t is less than a threshold. A solution to this problem leads to a biochip that provides a desired screening throughput.
C. Motivating Example
Consider an experimental setting that involves screening of a sequence of n cells and classifying them into four groups (or types) of populations. All cells are initially tagged with two types of dyes [green-fluorescent (GF) and yellow-fluorescent (YF) dyes], which can be used to classify the cells via a fluorescence-measurement utility. The type of a cell is identified based on the emission rate of both GF and YF observed from the cell. For example, assume that the intensity of a fluorescence signal is normalized to the range from 0 to 1, where 0 corresponds to the "absence of fluorescence emission" and 1 corresponds to the "highest fluorescence emission." A cell is assigned to the first population if the detected fluorescence from both GF and YF is below 0.5, whereas it is assigned to the second population if the detected signal from GF is below 0.5 but the detected signal from YF is equal to or above 0.5. A similar argument applies to the third and fourth cell populations.
Our objective is to design an RFB that efficiently screens the above cells. The biochip design needs to be cost-effective; that is, it should be controlled using the minimum number of control pins that allows a fluorescence-identified cell to be appropriately barcoded and routed to an output port within a duration of T d . Moreover, this biochip is designed to be connected to a digital-microfluidic biochip-which performs down-stream analysis-via two capillary interfaces [18] .
The above requirements can be fulfilled using the RFB shown in Fig. 4(a) , where the number of barcoding ports K is 4 [ Fig. 4(b) ] and the number of output ports W is 2 [ Fig. 4(c) ]. Since the processing time of fluorescence measurement tends to be non-negligible especially when more dyes are used, screening performance can be enhanced by increasing the number of cell streams-we consider two parallel cell streams (N = 2), as shown in Fig. 4(c) . Clearly, the above reconfigurable architecture provides the following advantages.
1) It decouples single-cell specifications (cell counts and types) from the interfacing constraints (output ports). 2) It is a scalable architecture that can process any number of cells regardless of the cell ordering or cell-type distribution. For the sake of simplicity, suppose that the proposed design is used to screen a single cell (n = 1), which is found to belong to the first type. Based on this finding, a barcode needs to be dispensed from I 1 and routed through the barcoding module. Next, the barcode is mixed with the cell droplet in a reaction chamber that belongs to the sorting network. The dotted red and orange lines in Fig. 4 (b) and (c) show the routes of the barcoding droplet and the cell droplet, respectively.
Obviously, the routing of these two related droplets cannot be executed unless some valves [shown as green-colored valves in Fig. 4 (b) and (c)] are opened while others [shown as gray-colored valves in Fig. 4 (b) and (c)] are closed. The speed of this action, and therefore the duration of cell screening, is determined based on how fast these valves can be actuated. If these valves are directly addressable using dedicated control pins, then each pin can be placed adjacent to its associated flow valve, leading to the highest speed of valve actuation and the lowest duration of single-cell screening. However, by adopting a pin-constrained design approach, the duration of single-cell screening may exceed the threshold T d , therefore more control pins must be included. The proposed pin-constrained design and the tradeoffs between pin-count reduction and system performance are described in Section III.
III. MULTIPLEXED CONTROL AND DELAY
In this section, we explain the pin-constrained design methodology and the associated delay model.
A. Multiplexed Control
To reduce the number of control pins, we allow several valves in a screening biochip to share a few pins using timedivision multiplexing (TDM) [24] . To implement TDM, two types of control pins are needed: 1) a set of primary pins C a (blue circles), used to provide the pressure (or vacuum) through primary control channels to actuate valves in the flow channel and 2) a set of demultiplexing pins C g (orange circles), used to direct the pressure-driven flow from a primary pin to a particular valve in the flow channel through demultiplexing control channels, thereby allowing flow valves to be independently addressable. Each pin in C g is connected to an off-chip two-position solenoid valve, which can pressurize and de-pressurize a set of valves, referred to as control valves (CVs) L [ Fig are first activated to switch the CVs l 13 , l 9 , and l 2 , respectively, 1 as shown in step 1 in Fig. 5 (c). By switching these CVs, a control path is now opened between the primary pin C a 1 and the desired flow valve V 2 . Next, C a 1 is actuated to open or close V 2 [step 2 in Fig. 5 (c)], which in turn is a latching valve that can maintain its open or closed state while disconnected from the controller [24] .
Latching behavior can be imparted to flow valves by using a modified valve structure that can trap vacuum (pressure) to hold the valve open (closed). In this paper, we use the structure shown in Fig. 6 (a) [24] . The pressure, vacuum, and latching valves are normally closed (Fig. 2) . When a pulse of vacuum (pressure) is applied to the "input," the vacuum (pressure) valve opens and the pressure (vacuum) valve remains closed. As a result, the connection between the vacuum valve and the latching valve is depressurized (pressurized) forcing the latching valve to open (close). Fig. 6 (b) and (c) shows the mechanisms of opening and closing the "latching" flow valve, respectively.
Note that we can route a fluid through the flow channel in Fig. 5 (a) from A to B or vice versa only after all the eight 1 Recall that C g 2 is a two-position selonoid valve. Therefore, when C g 2 is activated to open CV l 9 , CV l 11 is also opened, whereas both l 10 and l 12 are closed automatically. valves are actuated. In addition, the flow circuitry in Fig. 5 (a) and the multiplexed control circuitry in Fig. 5 (b) are located on different layers.
By using multiplexed control and by considering the valvecontrol signal as a binary signal, X flow valves can be independently actuated using only a single primary pin and log 2 X demultiplexing pins; i.e., Y = log 2 X + 1 provides a lower bound on the number of control pins needed to actuate X valves. For example, the eight valves in Fig. 5 (a) can be addressed using only four control pins. Similarly, the valves of a 1024-valve biochip can be addressed using only 11 pins. Note however that the addressing of a single flow valve requires a sequence of pin actuations, which imposes timing overhead. For the 8-valve channel in Fig. 5 (a), Fig. 7 (a) and (b) illustrates multiplexed control for actuating all the channel valves using four pins and six pins, respectively. Although Fig. 7 does not show the delays of control pulses through the control circuitry (the delays are expected to be larger for the 4-pin design), it is evident that the multiplexed control procedure is less complicated with six control pins. For example, to actuate V 2 using a 6-pin design, only three control pins-C g 1 , C g 2 , and C a 1 -need to be actuated, following the two-step procedure described earlier in Fig. 5 (c). Moreover, unlike the design in Fig. 7 (a), the multiplexed control in Fig. 7 (b) allows V 2 and another flow valve such as V 5 to be controlled simultaneously since they are not actuated using the same control pins. Hence, there is a tradeoff between pin-count reduction and the complexity of multiplexed control, and therefore the performance of single-cell screening.
Consider a screening biochip θ(X, Y) with multiplexed control. Also, consider a variable d i xy that specifies the delay contributed by a pin C i y of type i to actuate a valve V x . Let λ a xy be a connectivity function such that λ a xy = d a xy if a primary pin C a y ∈ C a is used to actuate a flow valve V x ∈ V with actuation delay d a xy , and λ a xy = 0 otherwise. Likewise, λ
indicates that a demultiplexing pin C g y ∈ C g is used in the actuation of V x with delay d g xy . 
where A and G are the number of primary pins and demultiplexing pins,
is the connectivity associated with the primary pins, and φ g x is the connectivity associated with the demultiplexing pins. In addition, the connectivity matrix that describes the connectivity of all flow valves in θ(X, Y) is defined as
, where a and g are the connectivity matrices associated with the primary pins and demultiplexing pins, respectively.
We use the multiplexed control designs in Fig. 7 (a) and (b) for explanation. In Fig. 7(a) , the actuation of any flow valve V x ∈ {V 1 , V 2 , . . . , V 8 } is accomplished using the same primary pin C a 1 and the same three demultiplexing pins {C Fig. 7 (a) depicts the control path associated with λ a 21 . On the other hand, in Fig. 7 . Note that only a single primary pin can be used in the actuation of a certain flow valve (i.e., V x cannot be addressed by both C a 1 and C a 2 ). Hence, flow valves are divided into groups; each group is associated with a particular primary pin. To prevent control interference between groups, each demultiplexing pin can only be used in the actuation of flow valves that belong to the same group. By this grouping method, different groups of flow valves can be actuated concurrently.
While the flow valves {V 1 , V 2 , . . . , V 8 } construct only a single control vector (i.e., T = 1), the following definition considers the generic case where T > 1.
indicates that a flow valve V x must be actuated as a part of the control vector, Fig. 8 . Transposer design that exhibits four different flow paths (i.e., four control vectors) [18] . and H t [x] = 0 otherwise. In addition, the control (screening)
The simplest form of an RFB that contains more than a single control vector is a 2-by-2 crossbar (also known as a transposer [18] ); see Fig. 8 . Such a transposer consists of six valves {V 1 , V 2 , . . . , V 6 } that can be configured to route a biochemical sample through four different paths (T = 4): I 1 to B 1 , I 1 to B 2 , I 2 to B 1 , and I 2 to B 2 . To activate the second path (i.e., I 1 to B 2 ), valves {V 2 , V 4 } must be opened and valves {V 1 , V 6 } must be closed. Hence, the control vector H 2 is defined as follows: H 2 = [1 1 0 1 0 1]. Note that a pressure pulse for closing a valve and a vacuum pulse for opening the same valve are considered to have the same delay characteristics [24] .
Next, we compute the latency associated with a control vector H t . Recall that is an augmented matrix; = ( a | g ), where a and g are the connectivity matrices associated with the primary pins and demultiplexing pins, respectively (Definition 1). By examining the multiplexed control procedure for each flow valve, we observe that the demultiplexing pins are used first to actuate the CVs, which in turn select the control path within the multiplexed control circuitry. Next, the primary pin is activated to actuate the target flow valve. With this procedure, demultiplexing pins can be activated concurrently, whereas a primary pin can be activated only after a control path is available. This observation leads us to the following lemma-the proof can be found in [33] .
Lemma 1: The control delay of a flow valve V x is a value b x = max{φ a x } + max{φ g x }, and the control delay vector for all the valves in
We use the multiplexed control example in Fig. 7 
Since the primary pin C a 1 is actuated after the control path is opened, then its associated delay is defined as λ a 21 = max{φ a 2 }, and the effective control delay associated with
Based on this key result, we can compute the latency of a control vector H t , while taking into consideration the grouping of flow valves according to the assigned primary pins. The CVs that belong to the same group cannot be actuated concurrently since they share the same primary pin, but different valve groups can be actuated concurrently. The concurrent actuation of different valve groups [even those which belong to the same control vector; see Fig. 7 (b)] can be captured by considering only the worst-case delay among all the groups. For this purpose, we define the connectivity of a primary pin C a y as ρ y = [λ a 1y λ a 2y · · · λ a Xy ] ∈ R X , y ∈ [1, A]. We use a binary vector sign(ρ y ) to specify the set of flow valves that belong to primary pin group C a y . In other words, the vector sign(ρ y ) contains 1s if certain flow valves are actuated using C a y , and 0s otherwise. Consider the vector operator • that provides the elementwise product of two vectors, i.e.,
. . e n b n ]. Hence, the vector sign(ρ y ) • β specifies the control delays associated with the flow valves in group C a y . A subset of the flow valves in C a y belongs to a control vector H t and therefore they need to be actuated serially if H t is selected for single-cell screening. As a result, the scalar quantity H t · (sign(ρ y ) • β) computes the cumulative control delay associated with a set of flow valves that is characterized as follows: 1) the flow valves belong to group C a y and 2) the actuation of these valves is needed for activating H t . By computing the cumulative control delays associated with all groups of flow valves within H t , we obtain the worst-case control delay among all groups as follows: max 1≤y≤A {H t · (sign(ρ y ) • β)}. Fig. 8 is used to illustrate the above discussion. Recall that the second control vector is H 2 = [1 1 0 1 0 1]. First, assume that all six valves belong to the same group, i.e., they are actuated using the same primary pin C a 1 . In this case, sign(ρ 1 ) = [1 1 . . . 1]. To activate H 2 , V 1 , V 2 , V 4 , and V 6 need to be actuated serially; therefore the cumulative control latency, denoted by α 2 , is the sum of the control delays associated with these valves. In other words,
Based on this observation, we have derived the following theorem (proven in [33] ), which forms the basis for the Sortex synthesis procedure (Section IV).
Theorem 1: If α t , where α t ∈ R, t ∈ N, t ≤ T, is the cumulative control latency value associated with a control vector H t in a chip θ(X, Y), then α t = max 1≤y≤A {H t · (sign(ρ y ) • β)}, where • is the element-wise product. In addition, the cumulative control latency vector for all control vectors in θ(X, Y) is = max 1≤y≤A { · (sign(ρ y ) • β)}. The above discussion is focused on the latency of multiplexed control in an RFB. Since the topology of flow channels in the proposed RFB is fixed, we can easily estimate the flow latency of samples through these channels and therefore obtain an accurate estimate of biochip throughput. Note that a sample can be routed through a flow path only after the associated control vector is activated. Therefore, if the flow latency vector associated with the biochip control vectors is defined as ω ∈ R T , then the effective latency vector of θ(X, Y) is + ω and the worst-case latency is τ = max{ + ω}. To optimize the throughput of single-cell screening, our synthesis method in Section IV optimizes the multiplexed control scheme in an RFB such that Y is minimized and τ ≤ η, where η is a predefined value.
B. Delay of Pressure-Driven Fluid Transport
A laminar flow of a fluid through a long channel can be described using the Hagen-Poiseuille equation:
where Q H is the flow rate, s is the channel radius, Pr = Pr in − Pr out is the pressure drop across the channel, μ is the dynamic viscosity of the fluid, b is the length of the channel, and v av is the average fluid velocity. The analog of this law in electrical circuits is Ohm's law [34] . We use this analogy to estimate the hydraulic resistance R, which is defined as
1) Delay Model Associated With Monolithic Membrane Valves (Hagen-Poiseuille Delay Model):
Recall that flowbased devices that are fabricated using monolithic membrane valves are inherently composed of rigid channels, i.e., the cross-sectional area of these channels do not change when pressurized. Hence, we reach the conclusion that the delay of fluid transport in such devices is only attributed to the velocity of fluid transport v av (measured in m/s) and the length of the channel b (measured in m). In other words, it can be safely assumed that there is no capacity for channels in these devices to hold a portion of the biochemical fluid during fluid transport.
The above Hagen-Poiseuille equation can be reformulated to compute the velocity of fluid transport v av as follows:
Hence, the delay of fluid transport of an incompressible fluid can be estimated using the following relation:
where d hp is referred to as Hagen-Poiseuille delay. Despite the simplicity of this model, it can be applied only in settings where it is assumed that biochip channels are rigid; this assumption is somewhat at odds with the fact that most of today's flow-based systems are fabricated using soft lithography and flexible polymers, e.g., PDMS (Section II-A).
2) Delay Model Associated With Multilayer Soft Lithography (Elmore Delay Model): The above model makes the assumption that a microfluidic channel is rigid. However, like most of today's flow-based systems, RFBs can be fabricated using elastic material (e.g., PDMS) hence pressure can cause the cross-sectional area of a channel to change [35] ; see Fig. 9 (a). The capability of an elastic channel to store fluid when pressurized is known as hydraulic compliance (similar to capacitance in electrical circuits). To verify this behavior, we conducted transient CFD simulation using COMSOL for laminar flow in a PDMS channel. Fig. 9 (b) shows channel deformation at different time steps when a pressure step Pr 1 is applied to the input. This deformation can be interpreted as the potential of a channel to store fluid when pressurized; this is referred to as hydraulic compliance M. Hence, the following equation can be used to compute the hydraulic compliance: M = [(dV)/(dPr)], where [(dV)/(dPr)] is the rate by which channel volume V changes when pressure Pr is applied. To provide a closed-form formula, we rewrite the above relation
where γ is the channel dilatability (an elasticity property). This formula is aligned with an observation from the CFD simulation that the deformation distance and therefore M are correlated with the material elasticity. Considering an elastic circular channel, M is computed as follows: M = γ · π s 2 · b, where γ is the channel dilatability, s is the channel radius, and b is the channel length.
Note that the study of fluidic delay in this case can ideally be performed based on a closed-form analytical solution, which can be derived from the fundamental Navier-Stokes and continuity equations [36] . However, the derivation of such an analytical solution or an approximation, especially with the presence of hydraulic compliance, is extremely complicated, even for basic channel topologies. The power of CFD software tools such as COMSOL [23] is that they provide a solution for a conventional fluidic/mechanical property, e.g., pressure, velocity, or turbulence. On the other hand, interconnect delay in VLSI circuits has been studied thoroughly over the past three decades. Delay models provide a closed-form approximated solution of signal delay based on well-defined circuit models such as resistors and capacitors. Circuit models are used to compute interconnect delay, and they represent the basis for all static-timing analysis tools used nowadays in electronic circuit design [37] .
Hence, inspired by the success achieved by such models in electronic circuits, we aim to approximate the fluidic delay associated with flexible channels also based on fluidic components whose behaviors are similar to their counterparts in electronic circuits. By leveraging previous delay models, we can reach an acceptable formulation of fluidic delay.
In electrical circuits, the delay of an electrical signal through a wire can be characterized using a delay model [37] ; a widely used delay model, especially with wires characterized as RC trees or ladders, is the Elmore delay model [37] .
In analogy with electrical circuits, the delay of laminar flow through a long elastic channel can be approximated using an equivalent Elmore delay model, which is a practical alternative to complex CFD simulations. For this purpose, there is a need to define the model components, i.e., the hydraulic resistance R and the hydraulic compliance M [38] .
The closed-form equations for R and M can be used to estimate fluidic delay. Furthermore, since the values of R and M are specified based on the channel geometry and material elasticity, the fluidic delay, and therefore the screening throughput, can be tuned based on these parameters. According to [36] , a straightforward approach for modeling an elastic channel is by using a lumped-RC model, as shown in Fig. 9 (c). For this model, the fluidic delay of the channel is simply R · M. However, this lumped model does not take into account the significant change in pressure across the channel, especially with the presence of hydraulic compliance. To capture the variation in pressure and its impact on fluidic delay, we use a distributed-RC ladder [ Fig. 9(d) ]. This model offers three advantages.
1) Increasing the number of model segments n enhances model accuracy since every segment exhibits an infinitesimal change in pressure. 2) Similar to the models of electrical interconnects [37] , modeling various segments of a channel provides the opportunity to design a width-varying channel-this design method can be employed to minimize the fluidic delay and the channel area. 3) The delay associated with a distributed-RC ladder (containing n segments) can be estimated using the Elmore model [37] :
where d el is the Elmore delay, R j and M j are the resistance and compliance of segment j, respectively. We adopt this model in our framework to estimate the delay associated with flow and control paths.
C. Advantages of Using the Distributed Model
We demonstrate the advantages of using the distributed model through the following example. We consider designing a flow-based channel that has the following specifications.
1) The input terminal of the channel is connected to a pressure source through a pin of radius 75 μm, and the pressure source is configured to pump water at a rate of 33.5 mm 3 /s with an input pressure of 700 kPa. 2) The channel length needs to be 2 cm.
3) The output terminal of the channel is used to control a valve, and the valve membrane can safely be actuated using a pressure in the range of 50 and 100 kPa. 4) The delay of fluidic transport across the channel needs to be less than or equal to 4 s. Based on the above specifications, we provide two designs of the flow channel. The first design, shown in Fig. 10(a) , is a uniform channel that has a constant radius along its length, whereas the second design [ Fig. 10(b) ] is a nonuniform channel that has a varying radius along it length. We analyze the fluidic delay associated with both designs using the lumped-RC model, denoted by RC lump , and the distributed-RC model, denoted by RC dist . Moreover, we compute the pressure levels across the channels in order to ensure that the given specifications are fulfilled; see Fig. 10 . To compute the pressure when using RC dist for delay estimation, we adopt a simplified method; we divide the channel into segments and compute the pressure drop across each segment separately using Hagen-Poiseuille equation. 2 We use P dist to denote this distributed model and P lump to denote the lumped model. Fig. 10(a) shows the pressure and delay associated with the uniform channel. The computed pressure within the channel is similar for both P lump and P dist , and both lead to an output pressure (652 kPa) that is larger than 100 kPa, i.e., it does not fulfill the above specifications. However, by using RC dist (i.e., Elmore model) to estimate the delay, we observe that this design satisfies the delay constraint (d ≤ 4 s); this is opposite to the result we obtained using RC lump . In other words, the pessimistic nature of the lumped model may lead to incorrect assumptions about the channel.
Next, we use a nonuniform channel that has a varying radius along its length, as shown in Fig. 10(b) . In this case, the model P lump relies on the average radius ([s in + s out ]/2) to compute the pressure, whereas P dist uses the average radius within every segment. We notice that the pressure curve obtained by P lump is highly inaccurate. Furthermore, unlike P dist , the model P lump leads to an incorrect assumption that the proposed channel design violates the pressure constraint.
The above example corroborates the fact that using a distributed model provides more accurate results compared to lumped models. In this paper, we focus only on delay analysis using RC dist -pressure-drop analysis is left for future research.
IV. SORTEX: SYNTHESIS SOLUTION A. Problem Formulation
We consider the following problem formulation in this paper.
Input 2) The connectivity matrix .
3) The worst-case latency τ . 4) The dimensions of the control channels: lengths U = {u 1 , u 2 , · · · } and widths F = {f 1 , f 2 , · · · }. Constraints: The problem is subject to the following constraints.
1) Screening latency constraint (τ ≤ η).
Objective: Minimize the number of control pins Y used for multiplexed control of biochip valves.
Note that efficient channel routing is beyond the scope of this paper, therefore Sortex calculates control delays by using Manhattan distances between different entities. Today's flow-based designs such as the described multiplexed-control circuitry can be fabricated as a multilayered structure using 3-D printers [39] . Similar to their counterparts in electronic circuits, advances in the fabrication technology of flow-based systems have made an enormous impact in increasing the density of integrated valves in a cost-effective manner while complex channel routing is overcome by using 3-D valve integration. Fig. 11 shows an example of a multilayered RFB [1] . Nonetheless, even if the design is constrained with a limited number of layers, Sortex can be improved to enable basic routing functionality. Such a basic improvement could allow Sortex to reject a control-channel connection if a certain routing feature is violated. Sortex can also be extended further by incorporating routing as in [13] . The design of routing techniques to accompany Sortex is left for future work.
B. Computation of the Screening Matrix
By using the sets V and I, we represent the set of flow valves and their channel connections as a directed acyclic graph G = (S, E), where a vertex s i ∈ S models a flow valve V i ∈ V, and an edge e i ∈ E represents a flow channel connecting two valves. The orientation of an edge e i is specified based on the direction of fluid transport inside the associated channel. Note that a flow channel is allowed to transport fluid only in one direction at all times to avoid collisions. To simplify the computation, we also map the inlets and outlets of the flow network into virtual vertices, which are not considered in the final outcome of . Fig. 12 depicts the graph model of a 60-valve screening biochip.
Our goal is to leverage the graph model G to enumerate all possible screening paths in the biochip. To achieve this goal, we adopt depth-first search (DFS) to traverse all possible paths between the inlet and outlet virtual vertices. Note that we need to traverse the whole graph, considering all inlet and outlet virtual vertices, only once in order to print all paths (time complexity O(|S|+|E|)). However, recall that a control vector H t includes all flow valves that need to be actuated to transport a droplet within the associated screening path. In other words, we need to consider not only the valves given by the DFS procedure, but also the neighboring valves that need to be actuated in order to generate . For this purpose, after running DFS, we loop over the valves to specify their neighboring valves (using I) and add those neighbors to the screening path. As a result, the time complexity of this algorithm is O(T.X 2 ), where T is the number of control vectors and X is the number of flow valves.
C. Sortex Algorithm
Recall that flow valves are assigned to groups; each group is actuated using a dedicated primary pin. To reduce the number of control pins, synthesis for multiplexed control must increase the number of flow valves assigned to a group.
We use a heuristic method based on divide-and-conquer (Algorithm 1). Initially, the proposed method selects a primary pin (line 13) and iterates over the flow valves in a pairwise manner (line 10) trying to connect every pair to the current primary pin (line 16). When the multiplexed-control scheme is expanded, timing analysis is performed using the Elmore delay model from Section III-B and the relation from Theorem 1 to ensure that the latency constraint is not violated (line 17). If no constraint violation is detected, the expanded multiplexed control is accepted and the associated valve/pin variables are updated (lines [18] [19] [20] [21] . However, if a violation is detected, the proposed connection to the current primary pin is declined and a new primary pin is selected for connection (lines 23 and 24). In this case, the flow valves are divided into two groups; one group combines the valves that have already been connected to the first primary pin and the second group combines the remaining valves (including the current pair)-we call this scheme divide-and-conquer. When the remaining flow valves are connected to a second primary pin, we further divide the set of valves into two groups according to the latency constraint. This process continues until all the flow valves are addressed.
The order of selection of the valves impacts computational performance. Random selection of valves may lead to high CPU time because distant valves can be combined in a single group, causing divide-and-conquer to be invoked frequently; i.e., unnecessarily increasing the number of control pins. To address this issue, we create a priority queue of the unaddressed flow valves (line 2). The priority of valve selection is decided according to the following policy: 1) select a valve V f randomly and place it at the head of the queue; 2) select a set of flow valves that does not belong to the same control vectors as V f and sort these valves in an increasing order according D j ← ConsiderChannelWidth(D); 10: for (V i , V i+1 ) ∈ VQ do 11: X ← ∅; Y ← ∅; // Connected pins to the pair 12: if CC a = ∅ then 13: X ← selectNearestPrimaryPinLocation(); 14: Y ← BuildMC(V i , V i+1 , X ,"2-Pin"); 15: else 16: { , Conf} ← TestMC(V i , V i+1 ); 17: τ ← CalculateLatencyUsingElmore( , D j ); 18: if τ ≤ η and Conf = "1-Pin" then 19: Y ← BuildMC(V i , V i+1 , "1-Pin"); 20: else if τ ≤ η and Conf = "0-Pin" then 21: BuildMC(V i , V i+1 , "0-Pin"); 22: else 23: X ← selectNearestPrimaryPinLocation(); 24: {X , Y} ← BuildMC(V i , V i+1 , X , "2-Pin"); 25: UpdatePriorityQueue(VQ); 26: UpdateVariables(U, F , , τ ); 27: CC a ← CC a ∪ X ; CC g ← CC g ∪ Y; 28: Ar ← CalculateChannelsArea(U, F ); 29: if Ar > Ar max then break; 30: j ← j + 1; 31: until Ar ≤ Ar max 32: return {U, F , CC a , CC g , τ, };
to their Manhattan distance from V f ; and 3) sort the remaining valves according to their Manhattan distance from V f . This priority scheme (worst-case time complexity O(T·X+X·log X)) is invoked whenever a divide-and-conquer action takes place (line 25).
We next connect a new pair of flow valves to a primary pin (i.e., TestMC function in Algorithm 1). To expand the multiplexed control, control paths are designed to manage the actuation of the new flow valves. The synthesis of a control path is governed by two aspects: 1) the selection of CVs L = {l 1 , l 2 , . . .} through which the control path is designed and 2) the selection of a new demultiplexing pin (if needed) in order to actuate the CV. Consider the design of the control paths for the RFB in Fig. 13(a) . To simplify the selection of CVs at each iteration, we initially split L into logical levels (line 3), where the first level contains CVs that will be directly connected to the flow valves, e.g., l 1 in Fig. 13(b) and {l 1 , l 2 } in Fig. 13(c) . Such an organization is performed in advance and it enforces two conditions: 1) two CVs cannot be connected using primary control channels if they belong to the same logical level and 2) a single demultiplexing pin can only be used to actuate the CVs that belong to the same level and are used in the actuation of a single group of flow valves. For example, in Fig. 13(c) , {l 1 , l 2 } can be actuated using only C g 1 , which cannot be used to actuate l 3 .
Based on the above hierarchy of CVs, the synthesis of control paths associated with a new pair of flow valves can be performed based on three different configurations (associated with the variable Conf in line 16), as shown in Fig. 13(b)-(d) . The first (2-Pin) configuration is applied when a new primary pin is needed. This configuration is adopted either at the first iteration (lines [12] [13] [14] or when there is a need for a new primary pin in order to prevent violation of the screening-latency constraint (lines 23 and 24). In addition, a new demultiplexing pin is also needed. For example, in Fig. 13(b) , a new primary pin C a 1 is connected to {V 1 , V 2 } using CVs l 1 and l 2 that belong to Level 1. Since l 1 and l 2 are the first valves to be used in Level 1, a new demultiplexing pin C g 1 is connected. The second and third configurations address the case where a new primary pin is not needed. These configurations, however, differ in how CVs are selected, and therefore, whether a demultiplexing pin is needed. To demonstrate the difference between the two configurations, we map the CVs and their connectivity into a binary tree, referred to as CVs tree. Each node represents a connected CV, and the root represents the primary pin that is connected to these CVs; see Fig. 13 (c)-(d). Each node has two interfaces (left and right) which are connected to two subtrees. Each interface is characterized by the maximum height of the associated subtree. A CV tree is balanced only if the interfaces of every node in the tree exhibit equal heights.
The CV tree evolves at every iteration whenever a new pair of flow valves is selected; the tree evolves in a top-down fashion; new leaves are added when new CVs are connected. The second (1-Pin) configuration is selected if the CV tree is currently balanced. Fig. 13(c) shows an example for 1-Pin. Before the multiplexed-control scheme is expanded for connecting the 5 , l 6 } are connected. Since l 3 and l 6 are the first valves to be connected at Level 2, a new demultiplexing pin C g 2 is selected and the CV tree is expanded.
On the other hand, the third (0-Pin) configuration is applied if either the CV tree or any subtree within the CV tree is imbalanced. For example, in Fig. 13(d) , we investigate the multiplexed-control paths when a new pair {V 7 , V 8 } is selected. The CV tree is imbalanced, because the difference between the heights of the root is 1; this difference is called the imbalance factor. Valve l 10 is therefore called the source of imbalance and its level (Level 2) is called the level of imbalance. To connect {V 7 , V 8 } to the primary pin C a 1 , four CVs {l 11 , l 12 , l 13 , l 14 } are connected. The valves {l 12 , l 13 } connect the pair {V 7 , V 8 } and therefore they are located at Level 1. The CV l 14 connects both {l 11 , l 12 } and it is located at Level 2. However, l 11 is located at Level z which is determined as follows: z = level of imbalance + 1. The CV l 11 is used to connect the source of imbalance l 10 , the new CV l 14 , and the primary pin C a 1 . This configuration does not allocate new control pins. By using this balancing scheme, we reduce the height of the tree and hence decrease the number of demultiplexing pins. The worst-case time complexity of this algorithm is O(X · |L| · A · G).
V. EXPERIMENTAL RESULTS
We implemented Sortex in a software simulation environment. All evaluations were carried out using a 3.4 GHz Intel i7 CPU with 12 GB RAM. The architecture of single-cell screening biochip (Section II-B) was used as a benchmark, and four biochip configurations of different complexity were adopted; see Table I (# FV: number of flow valves; # CV: number of control valves). During simulation, we set an upper bound on the number of control entities (i.e., control pins and valves); locations of these entities were specified in advance. We opt to fix the locations of the control entities since considering these entities as variable would cause the problem complexity to become untractable. The fluid sources connected to the chip inlets are assumed to provide a steady flow that has a fixed flow rate of 300 mL/min. Also, the channel width is fixed and it is assumed to be 3 μm, unless stated otherwise.
In Section V-A, we compare the Hagen-Poiseuille and Elmore delay models and investigate their impact on the synthesis performance. In Sections V-B-V-D, we consider a flexible flow-based system; therefore, we focus on evaluating the performance of Sortex and the impact of the Elmore delay. Evaluation metrics include: 1) the worst-case screening latency, measured in seconds (s) and 2) the number of used control pins. In all evaluations, we consider air as a channel medium (μ = 1.983 * 10 −5 Pa · s), and the channel dilatability for flexible flow-based systems is γ = 10 −5 Pa −1 (PDMS). 
A. Comparison Between Delay Models
We study the impact of the Hagen-Poiseuille and Elmore delay models on Sortex performance, i.e., screening latency. We also investigate the convergence of both models by varying the number of control pins. Fig. 14 shows the screeninglatency results for CF 3 .
As shown in Fig. 14, using the Hagen-Poiseuille delay model leads to a lower screening latency compared to the Elmore delay model. Such a decrease in the screening latency is clearly because the Hagen-Poiseuille delay does not apply to flexible channels and therefore it does not take into account the impact of channel deformation on reducing the fluid flux. However, we observe that the gap between the latency associated with the Hagen-Poiseuille delay model and the latency associated with the Elmore delay model decreases as we increase the number of control pins. The reason for such a convergence is that the relationship between the Hagen-Poiseuille delay and the channel length b is linear, whereas the relationship between the Elmore delay and b is quadratic (see Section III-B). As a result, by increasing the number of control pins, the length of the longest control channel is gradually reduced, causing the latency decrease because of using the Elmore delay model to be more significant compared to the Hagen-Poiseuille delay model.
B. Comparison With Direct-Addressing
We compare Sortex with the DA method, in which every valve is addressed by a dedicated control pin. We evaluate DA and Sortex in terms of the screening latency and we study the convergence of latency for Sortex by varying the number of control pins. Fig. 15(a)-(d) shows the screening-latency results for CF 1 , CF 2 , CF 3 , and CF 4 , respectively.
Based on Fig. 15 , the general trend of the screening latency is that the latency decreases when the number of control pins is increased. With more control pins, the complexity of multiplexed control decreases, therefore the latency decreases. However, we also observe that there is still a gap between the latency for Sortex and for DA. Such a gap may still exist if we increase the number of control pins even further due to the complex connectivity of the multiplexed control compared to the DA control.
By examining the latency results in Fig. 15(c) and (d) , we observe some cases in which using more control pins can lead to higher latency values. Such counter-intuitive results, highlighted with dotted red boxes, can be seen, for example, in Fig. 15(c) , when using 23 instead of 22 control pins, and in Fig. 15(d) , when using 25 instead of 24 control pins. We interpret this outcome as follows. First, by fixing the total number of control pins, multiplexed control of complex biochip designs can be developed with different configurations of primary pins, demultiplexing pins, and CVs, entailing different performance characteristics. To investigate this finding, we run Sortex hundreds of times on CF 4 while scanning several values of the latency constraint η; the relationship between the resulting latency τ and the associated control pins is shown in Fig. 16 . We observe that with a specific pin-count, e.g., 16 control pins, Sortex can provide different latency characteristics, depending on the adopted pin-valve configuration during simulation. Second, achieving optimal results not only requires "local" balancing of CV trees (i.e., for each primary pin independently) but it also necessitates global balancing across all primary and demultiplexing pins-this requirement cannot be met using our greedy method, which seeks to connect primary pins and balance their associated CV trees one at a time. As a result, optimal combinations of control pins and CVs may not be realized in Sortex.
We also examine the screening latency for CF 1 while varying the number of single-cell streams (N); see Fig. 17 . Note that the number of flow valves (# FV) associated with N = 1, N = 2, N = 3, and N = 4 is 52, 56, 60, and 64, respectively. It is obvious that as the number of single-cell streams increases, the screening latency increases.
While pin-constrained design has been studied earlier [8] , [13] , [17] , the tradeoff analysis presented in this section cannot be applied to these prior methods; therefore, a meaningful comparison is not applicable in this case. First, recall that our objective is to develop a pin-constrained design that also supports dynamic reconfiguration, which is a key requirement in today's biochemical frameworks. A design that does not support dynamic reconfiguration cannot execute single-cell screening. Therefore, a major requirement of the control design is that each valve must be independently addressable. Pin-sharing methods, which connect multiple valves to the same pin, do not fulfill this requirement, thereby they limit system reconfigurability.
Second, as described above, the proposed Sortex algorithm is not optimal; Sortex may not provide the optimal number of control pins nor the optimal configuration of multiplexed control (the connectivity of control pins) that are suitable for a certain screening latency. Using prior pin-sharing methods is not possible unless we decide in advance the sequence of valve actuations in the reconfigurable chip. Even if we can predict the sequence of valve actuations before the start of singlecell screening, an optimization that uses pin sharing may lead to a higher pin-count reduction, but it may not lead to efficient utilization of biochip channels during the execution of single-cell screening due to pin-sharing constraints. Also, the higher the pin-count reduction, the lower the biochip utilization. Hence, we realize that the goals of pin-count reduction are contradictory with the goals of design reconfigurability and utilization unless new design paradigms such as multiplexed control are used.
Finally, even though Sortex is not optimal, it can be used to analyze the relationship between screening latency and the number of control pins, unlike previous methods. As shown in Fig. 16 , despite the fact that Sortex may not provide the lowest number of control pins in some cases, the trend of this relationship shows that screening latency decreases when the number of control pins is increased. An optimal version of Sortex may help in eliminating the irregularities in this relationship, thus providing a "smooth" curve that replaces the one in Fig. 16 . 
C. Analysis of the Distributed-RC Model
We investigate the sensitivity of the distributed-RC model and its impact on the synthesis performance. To perform this paper, we analyze the impact of changing the number of segments in the channel delay model, denoted by n in Section III-B, on the worst-case screening latency and the number of utilized pins. Fig. 18(a)-(d) shows the screeninglatency results for CF 1 , CF 2 , CF 3 , and CF 4 , respectively, while varying the number of segments (n) and the number of pins.
As shown in Fig. 18 , it is obvious that reducing n from 80 segments down to only 2 segments triggers significant degradation in synthesis performance (screening latency) and the performance gap increases as the number of control pins decreases. This result corroborates our findings in Section III-C. In fact, we can identify cases where adopting fewer segments can force Sortex to use more control pins to satisfy the latency constraint. For example, by adopting a 2-segment delay model in CF 4 [Fig. 18(d) ], we can satisfy a screening-latency constraint of 720 s (highlighted in a dotted red line) only using 35 control pins, whereas the same latency constraint is achievable in a 40-segment or an 80-segment model using only 24 control pins. Furthermore, it is also noticeable from Fig. 18 (a)-(d) that insignificant performance gain is achieved by increasing n beyond 40 segments.
The performance gain we obtain by increasing n may be impeded by an increasing computational cost. To investigate this cost, we simulated synthesis for n =1, 2, 5, 10, 20, 40, 60, 80, 100, 120, 140, 160, 180, and 200 using all the four biochip configurations. Next, we consider the result for n =1 as a reference and we use it to normalize the results for the rest of n values. By using the normalized values, we then compute the average computation time across all the four configurations. Fig. 19 shows the computation-time results, referred to as normalized computational cost, based on the above procedure.
As expected, increasing n is accompanied by a significant increase in the computational cost; this may impact our method's capacity to support larger biochip designs. As a result, when choosing n, it is necessary to carefully weigh the benefits of getting higher performance (by increasing n) against the risks of losing support for highly complex designs.
D. Impact of Channel Width and Latency Constraint
We next evaluate the impact of chip parameters and design constraints on screening performance. We focus here on the channel-width parameter and the worst-case latency.
For each biochip configuration, we carried out two sets of synthesis simulations. In each set, we consider a specific latency constraint and report the number of control pins and the worst-case screening latency while varying the channel width. The latency constraints considered for CF 1 are 35 and 70 s, and their associated results are shown in Fig. 20(a) and (b), respectively. The latency constraints for CF 2 are 170 and 340 s, and their associated results are depicted in Fig. 20 (c) and (d), respectively. Also, the latency constraints for CF 3 are 294 and 588 s, and their associated results are shown in Fig. 20(e ) and (f), respectively. Similarly, for CF 4 , the latency constraints are 294 and 588 s, and their associated results are shown in Fig. 20(g) and (h), respectively.
We first investigate the number of control pins in Fig. 20 . In all eight cases, we observe that fewer control pins are needed (to satisfy the latency constraint) when the channel width is increased. This result is intuitive because using a wider channel causes the Elmore delay for fluid transport to be minimized, thus reducing the number divide-and-conquer procedures in Sortex (Section IV-C).
Second, we investigate the screening latency reported in Fig. 20 . We observe that in Fig. 20(f) , for example, that the latency is nearly constant when the channel width is increased from 2 to 4 μm. Since the increase in the channel width leads to pin-count reduction, the impact of pin-count reduction on increasing the latency is equivalent to the impact of increasing the channel width on reducing the latency. We also observe that the latency is decreased in Fig. 20(f) when the channel width is larger than 4 μm as no further pin-count reduction can be achieved, i.e., the minimum number of control pins is reached ( log 2 X + 1). The same argument also applies to all other cases in Fig. 20 . These results show the impact of the channel width, particularly narrow channels, on the screening performance.
We finally investigate the impact of changing the latency constraint on the number of control pins. As expected, by relaxing the latency constraint (i.e., increasing its value), the number of pins is reduced. For example, by comparing Fig. 20(g) with Fig. 20(h) , the number of pins is decreased from 127 to 61 for a design with a 2 μm-channel width.
VI. CONCLUSION
We have introduced a timing-driven design method for a pin-constrained RFB that performs single-cell screening. The proposed design synthesizes multiplexed control that actuates biochip valves independently while using shared control pins; thus minimizing the number of control pins. We have also described our methodology for supporting high-throughput single-cell screening, which is based on satisfying a screeninglatency constraint. According to this methodology, we have first analyzed parameters of fluid dynamics in biochip microchannels using CFD simulation. Next, we have employed these parameters, namely hydraulic resistance and compliance, to construct a delay model of pressure-driven transport; such a model is adopted for targeting high-throughput single-cell screening. The proposed method has been evaluated based on the screening delay and the pin count.
